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We have investigated the magnetization behavior of Co/Pt/Gd/Pt multilayers in order to study 
the indirect exchange coupling between Co and Gd through Pt. A novel hysteresis loop has been 
observed for the samples with Pt layer thicknesses larger than 10 A. This loop is considered to 
be due to the combined! effect of the antiferromagnetic coupling between Co and Gd layers and 
the large magnetic anisotropy acting on the Co layer magnetization. The magnetization data 
suggest that the coupling strength oscillates with the Pt layer thickness. 
Indirect exchange coupling between ferromagnetic lay- 
ers through nonmagnetic metal (NM) spacers has at- 
tracted much attention in recent years. Oscillatory behav- 
ior of the coupling was found in several combinations of 
metals, e.g., Gd/Y/Gd,’ Fe/Cr/Fe,223 and CO/C!U/CO.~ 
However, most of the studies to date were confined to the 
coupling between the same types of metals. In order to 
further these studies, we have investigated the behavior of 
the magnetic coupling between different types of metals, 
particularly, rare-earth (RE) and transition metal (TM) 
elements. In a previous article,5 we reported the magneti- 
zation behavior of Co/Cu/Gd/Cu and Co/Y/Gd/Y mul- 
tilayers. It was found that the indirect exchange coupling 
between Co and Gd decreased monotonically and did not 
oscillate with Cu and Y layer thicknesses. In this letter, the 
results of a magnetization study on Co/Pt/Gd/Pt multi- 
layers are presented. In the first instance, we show a novel 
hysteresis loop observed for the Pt layer thicknesses larger 
than 10 A and discuss the mechanism of the loop. Then, 
we present the magnetization data which suggests the os- 
cillatory behavior of the indirect exchange coupling 
through Pt layers in contrast with the cases of Cu and Y. 
Co/Pt/Gd/Pt multilayers were prepared on fused 
quartz substrates using a three-target-type ion beam sput- 
tering apparatus. A Pt (300 A) buffer layer was first depos- 
ited, on which a Co/Pt/Gd/Pt multilayer was grown. The 
Pt layer thickness, tPt was designed in the range from 2 to 
30 A, keeping the Co and Gd layer thicknesses to 30 A. 
The repetition number was 16 for all the samples. The 
multilayer periodicity was definitely confirmed by low- 
angle x-ray diffraction (XRD). Magnetization versus ap- 
plied magnetic field (M-H) curves were measured at 4.5 K 
using a SQUID magnetometer (Quantum Design, 
MPMS). The magnetic field was applied in the film plane. 
The magnetization of Co/Pt/Gd/Pt multilayers shows 
spin-flop behavior for tPt < 10 A, like Co/Gd5V6 and Fe/ 
Gd’ multilayers. That is, in low fields, Co and Gd mo- 
ments are aligned in antiparallel along the direction of the 
applied field, due to the antiferromagnetic interaction. 
Above a critical field, Co and Gd moments are at an angle 
with respect to the applied field ,and have a twisted struc- 
ture. This critical field is referred to as the spin-flop field 
H,, hereafter. The M-H curve for tPt=5.2 A is shown in 
Fig. 1 (a). An upturn change in magnetization correspond- 
ing to the spin flop is seen around 4 kOe. For tPt > 10 A, on 
the other hand, we have observed a novel hysteresis loop. 
As a typical example, the M-H curve for tpt= 18.2 A 
shown in Fig. 1 (b). When the applied field decreases, the 
magnetization also decreases. But, surprisingly, the mag- 
netization crosses zero and becomes negative even in a 
positive applied field. When the applied field is reduced 
from the saturated state in usual ferro and/or ferrimagnets, 
the magnetization has a remnant at zero applied field and 
crosses zero at a negative applied field, the magnitude of 
which is defined as the coercive force. The magnetization 
behavior in Co/Pt/Gd/Pt multilayers with tPt> 10 A is 
reverse to the usual coercivity. In this article, we refer to 
this phenomenon as negative coercivity. When the negative 
applied field is increased, the magnetization shows a ten- 
dency to saturate first, and then spin-flop-like behavior. 
When the applied field is reversed, the magnetization 
changes likewise. Nawate et aZ.* reported a similar hyster- 
esis loop at room temperature in bias modulated TbFe 
films with a modulation wavelength of 1340 A, which show 
perpendicular magnetization to the film plane. 
This novel hysteresis loop which exhibits negative co- 
ercivity may be explained by the following model: In the 
present system, the Gd layer magnetization couples antif- 
erromagnetically to the Co layer magnetization, and the 
Gd layer magnetization is larger than the Co layer magne- 
tization at 4.5 K. Furthermore, we suppose that there is 
large magnetic anisotropy acting on the Co layer magneti- 
zation. For simplicity, we assume that this anisotropy is 
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FIG. 1. Magnetization (hf) vs magnetic field (H) curves at 4.5 K in 
Co(30 A)/Pt(t,,)/Gd(30 i)/Pt(tpJ multilayers; (a) fp,=5.2 .& and 
(b) tpt= 18.2 A. 
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FIG. 2. Schematic diagram of the model which explains the hysteresis 
loop in Co/Pt/Gd/Pt multilayers with fPt > 10 A. M,, 0,) Ms, and 0, are 
the magnitudes and the angles of Co and Gd layer magnetization, respec- 
tively. .Tts and Ku are the antiferromagnetic exchange coupling strength 
and the uniaxial magnetic anisotropy constant, respectively. 
Fig. 2. The total energy of the system, E, is expressed as 
E= 2J,,M,Mz cos( C+ - 0,) -K,, cos28; 
-MIH cos 0, -M,H cos 02, (1) 
where Ml, 0,, M,, and 13~ are the magnitudes and the 
angles of Gd and Co layer magnetization, respectively. J,, 
and K,, are the antiferromagnetic exchange coupling 
strength and the uniaxial magnetic anisotropy constant, 
respectively. Provided that the anisotropy energy is much 
larger than the exchange energy (Ku)J12MlM2), for 
SE/SB, = SE/Se, = 0 we- have four possible states described 
by the following approximate solutions: (i) 19~ = e2 =0, (ii) 
f3,=ir, 8,=0, (iii) 81=0, 8,=r, and (iv) f3i=02=r. By 
taking into account the applied field region where each 
solution is stable, and by examining the second derivatives 
of E, we can obtain a hysteresis loop as shown in Fig. 3. 
When the applied field is positive and sufficiently large, 
state (i) is the most stable and the Gd and Co layer mag- 
netization vectors are parallel along the direction of ap- 
plied field, i.e., M=M, +M2. When the applied field is 
reduced and is smaller than approximately 2J12M1, state 
(iii) has the lowest energy and is most stable. This means 
that the Co layer magnetization should reverse in low fields 
to minimize the total energy. However, the Co layer mag- 
netization cannot easily rotate due to the presence of a 
large magnetic anisotropy. In other words, the state cannot 
be shifted from (i) to (iii) because of the presence of a 
FIG. 3. A calculated hysteresis loop based on the model shown in Fig. 2. 
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large potential barrier between the states (i) and (iii). 
Consequently, state (i) is metastable and continues even 
for H < 2J12M1 until the applied field reaches HJ, where 
state (ii) is realized and the Gd layer magnetization re- 
verses. The reversal of the Gd layer magnetization in- 
creases the Zeeman energy and reduces the exchange en- 
ergy.. HJ is considered to be the critical field where the 
decrease in the exchange energy compensates the increase 
in the Zeeman energy. Because the Gd layer magnetization 
(Ml) is larger than the Co layer magnetization (M2), the 
magnetization becomes negative [M= - (Ml -M2) < 0] 
and negative coercivity appears. State (ii) continues until 
the applied field increases in the negative direction and 
reaches the anisotropy field, - HK. At H= -HK, a meta- 
magnetic transition takes place and the Co layer magneti- 
zation reverses. State (iv) is realized and M= - (Ml 
+M2) for. H < -HK. When the applied field is reversed, 
the magnetization changes likewise. HJ and HK are approx- 





respectively. The calculated hysteresis loop’ shown in Fig. 
3 agrees qualitatively with experiment [Fig. l(b)]. We 
have also found that this model can qualitatively explain 
the minor loops and the temperature dependence of mag- 
netization. The details will be published elsewhere. It is 
noted here that the present model is a simplistic approach 
and further improvements are necessary. We have assumed 
that the magnetic anisotropy is uniaxial and the uniaxial 
axis is along the direction of the applied field. In real sam- 
ples, however, the axis may be distributed in the film plane. 
Furthermore, only two sublattice magnetization vectors 
have been assumed in the model. Real samples have the 
same number of sublattices as atomic planes in one multi- 
layer period. The existence of the twisted structure must be 
taken into account for an exact calculation. Such improve- 
ment to the model may enable quantitative comparison 
between the calculation and experiment. 
Using the above model, the applied field, H,, where 
the magnetization crosses zero, is proportional to Jr2 as 
shown in Eq. (2). Therefore, HJ gives an estimate of the 
exchange coupling strength. On the other hand, for tPt < 10 
A, where we can observe spin-flop behavior as shown in 
Fig. 1 (a), H,, is considered to give an estimate of the ex- 
change coupling strength. Figure 4 shows the tPt depen- 
dence of Hsf and HJ. Hsf decreases rapidly to &- 10 A, 
while HJ increases from tPt - 10 A and reaches a maximum 
at tpt- 18 A, and then decreases. This result suggests that 
the coupling strength has a minimum at tPt- 10 A, and 
then has a maximum at tPt - 18 A and decreases again, that 
is, the coupling strength oscillates with tpt. 
In conclusion, we have investigated the magnetization 
behavior of Co/Pt/Gd/Pt multilayers. A novel hysteresis 
loop with negative coercivity has been observed for tPt > 10 
A. This loop can be explained qualitatively by a model 
which includes the antiferromagnetic coupling between the 
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FIG. 4. Pt layer thickness, fpI, dependence of the spin-flop field, H,r , for 
rPr < 10 A (closed circles) and the applied field, H,, where the magneti- 
zation crosses zero for tpt> 10 d; (open circles) in Co/Pt/Gd/Pt multi- 
layers. 
Co and Gd layers and a large magnetic anisotropy on the 
Co layer magnetization. We consider that one possible or- 
igin for this anisotropy is a Co-Pt compound produced 
near the interfaces. Further investigation including micro- 
structure analysis is in progress to elucidate the origin. The 
magnetization data suggest that the coupling strength os- 
cillates with tPt in contrast with the results of Co/Cu/ 
Gd/Cu and Co/Y/Gd/Y multilayers The oscillatory be- 
havior of the coupling in Gd/Y/Gd’ and Co/Cu/Co4 is 
well known. Furthermore, no oscillation of the coupling in 
Co/Pt/Co was reported.” Therefore, we consider that the 
mechanism for the indirect exchange coupling between Co 
and Gd is quite different from that between transition met- 
als and/or between rare-earth metals. An exact theoretical 
treatment is a future problem. 
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